The band structures of single-layer MoS2 and WS2 present a coupling between spin and valley degrees of freedom that suppresses spin-flip scattering and spin dephasing. Here we show that out-of-plane deformations, such as corrugations or ripples, enhance spin-flip scattering in armchair MoS2 and WS2 nanoribbons. Spin transport in the presence of surface roughness is systematically investigated, employing the non-equilibrium Green's function method along with the tight-binding approximation. Both transmission and conductance have been calculated as a function of surface roughness. Our results indicate that the spin-flip rate, usually neglected in flat pristine samples, increases significantly with the surface roughness amplitude. These results are important for the design and fabrication of transition metal dichalcogenides based spintronic devices.
I. INTRODUCTION
A long spin relaxation length, i.e. the possibility for spin-polarized electrons to travel larger distances without losing encoded information, is a basic requirement for spintronic applications. Graphene was envisioned early on as a promising material for spintronics, owing to the combination of the unique electronic band structure of so-called massless Dirac fermions, weakly sensitive to backscattering and traveling at very high speed over very large distances, even at room temperature.
1,2
However the weak spin-orbit coupling (SOC) in graphene makes spin effects very small. The discovery of graphene paved the way for investigating other two-dimensional (2D) materials with properties complementary to those of graphene. 3 Stacking of different families of 2D materials in a controlled fashion can create heterostructures with tailored properties that offers promising avenues to design and fabricate novel devices. 4 Single layers of transition metal dichalcogenides (TMDC) like MoS 2 and WS 2 are direct band gap semiconductors with strong spin-orbit coupling, which originates from d-orbitals of the heavy transition metal atoms. This allows for the control of spin with electric field.
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The band structure of TMDC consists of two inequivalent valleys (K and K') located at the corners of the hexagonal Brillouin zone. 11 The lack of inversion symmetry alongside the large SOC strength lead to the coupling of spin and valley degrees of freedom, 12 allowing for spin and valley control with the potential use of TMDCs in valleytronics and spintronics. [13] [14] [15] [16] Magnetotransport experiments have estimated an upper limit for the spin-orbit scattering length for n-type MoS 2 as high as 430 nm. 17 However mirror symmetry along the zdirection is usually broken due to surface ripples, ther- mal out-of-plane fluctuations, sulfur vacancies, etc., what leads to a Rashba-like spin-orbit contribution which can limit the spin lifetime. 18 In particular, static wrinkles have been shown to affect more the spin coherence as compared to out-of-plane phonons.
19
Nanoribbons of TMDCs can be obtained by tailoring a ribbon from an infinitely extended mono-layer, 20 and can be synthesized by using electrochemical methods, 21 or by unzipping nanotubes. [22] [23] [24] First-principle calculations indicate that armchair MoS 2 and WS 2 nanoribbons show semiconducting behaviour, while zigzag nanoribbons are metallic. 25, 26 In this work we study the effect of surface corrugation on spin-transport in armchair nanoribbons of arXiv:1606.03339v2 [cond-mat.mes-hall] 9 Mar 2017 MoS 2 and WS 2 (Fig. 1) . For this we use non-equilibrium Green's function formalism along with a tight-binding model applied to nanoribbons of TMDCs in the presence of surface roughness. We find a significant increase of spin-flip rate due to static corrugations of the sample. The effects are more important in WS 2 than in MoS 2 , due to the stronger atomic SOC of W atoms. Our results suggest that the use of flat substrates can considerably increase the efficiency of TMDCs for spintronics applications.
The paper is organized as follows. In Sec. II we describe the model and the calculation method, taking into account surface rougness effects. In Sec. III the results are presented and discussed. Finally, in Sec. IV the main conclusions are summarized. In Appendix A we present results obtained considering periodic boundary conditions.
II. MODEL AND METHOD

A. Thight Binding Hamiltonian
The crystal structure of TMDCs consist of one triangular lattice of metal atoms (Mo or W in the present case) which is sandwiched between two triangular lattices of chalcogen (S) atoms. Thus the unit-cell contains one transition-metal atom plus two chalcogen atoms. Our calculations will be performed by using a tight-binding model that contains five d orbitals of the metal (Mo/W) atoms and three p orbitals for each of the two calchogen S atoms in the unit cell.
27 Therefore the dimension of the Hamiltonian of a single layer (before including spin degrees of freedom) will be 11 × 11, and can be written as:Ĥ 
where i, j are the atomic position indices, l and m label the atomic orbitals,ĉ † i;l (ĉ i;l ) creates (annihilates) an electron at orbtial l of site i, i;l refers to on-site crystal fields of orbital l and V i,j;l,m are hopping parameters, where ij runs over first nearest neighbor sites. The Slater-Koster parameters for MoS 2 and WS 2 obtained from fits to density functional theory (DFT) calculations are reported in Table I . 28 The ratio of the metal d and chalcogen p orbital contributions to the valence and conduction bands in our tight-binding model is ∼ 70/30 respectively, in good agreement with DFT calculations.
27
By performing a unitary transformation that accounts for the symmetric and antisymmetric combinations of Sp orbitals of the top and bottom chalcogen atoms, it is possible to simplify the model into two decoupled blocks of dimensions 6 × 6 and 5 × 5, being the 6 × 6 block the relevant subspace for low energy calculations since it contains the valence and conduction band states. The bases of these blocks are ( 
, where i = x, y, z. Spin-orbit coupling, however, mixed these blocks through processes that flip the electron spin. 29 The SOC contribution is included in our theory trough the term
where λ is the intra-atomic SOC constant,L is the angular momentum operator for atomic orbitals, andŜ is the spin operator. It is useful to expressĤ SO as:
whereÔ ± =Ô x ±iÔ y are the standard ladder operators, withÔ =L,Ŝ. We can distinguish two different contributions to the SOC Hamiltonian (3), the first term which leads to spin-flip processes, and the spin-conserving term ∝ λL zŜz . For flat pristine MoS 2 or WS 2 , spin-flip processes are negligible and full spin polarization as well as long spin relaxation lengths can be achieved. 30 In this limit one can safely reduce to the 6 × 6 block. 29 However, as experimentally observed 31,32 realistic samples do not preserve mirror symmetry along the z-direction. This is due to the presence of sulfur vacancies, or to corrugations and ripples in the sample, associated e.g. to the presence of a substrate or due to thermal out-of-plane phonons. In this situation, the 6 × 6 and the 5 × 5 blocks are coupled. As a consequence, the contribution of d xz and d yz orbitals to the density of states (DOS) of the corrugated ribbon is significantly larger than in the flat situation. Importantly, spin-flip processes become relevant, limiting spin life time.
18 Therefore we will use in our calculations the whole Hilbert space of dimension 2 × 11 (including spin). We notice that, contrary to previous works that consider the effect of flexural phonons, corrugations or topological defects in the transport properties from minimal k · p models and group theory methods, 16, 33 here we use a tight-binding model that accurately accounts for the states of the valence and conduction bands in the whole Brillouin zone, to calculate spin-resolved transmission probabilities through a finite corrugated armchair ribbon of MoS 2 or WS 2 .
B. Non-equilibrium Green's function method
The non-equilibrium Green's function (NEGF) formalism 34 is used to study spin transport in armchair MoS 2 and WS 2 nanoribbons. The channel and the two contacts are assumed to be of the same material (see Fig. 1 ). For the calculation of the contact self-energies, the surface Green's function of the contacts is iteratively solved, employing a highly convergent scheme 35, 36 
where E is the energy, I is the identity matrix, H is the coupling between two neighboring unit cells in the considered contacts, and τ L,R c is the coupling between the channel and the contacts. Underlined quantities stand for matrices that include both spins. A flat interface is assumed in the contacts, and our calculations include SOC in the channel as well as in the leads. The retarded G r and advanced G a Green's functions of the device region are then given by:
where δ is a phenomenological broadening (10 −5 eV), and Σ L,R σ is the self-energy of the left and right contacts
where g L,R σ is the surface Green's function of the contacts, given by Eq. (4). The transmission probability is given by
where
describes the broadening of the two semi-infinite leads. The spin-resolved transmission probability can be written as:
where T ↑↑ (E) and T ↓↓ (E) represent parallel spin transmission, and T ↑↓ (E) and T ↓↑ (E) antiparallel spin-flip transmission.
C. Effect of lattice modulation
Different modulations of the lattice have been studied, as bending, sinusoidal ripples and Gaussian corrugation. Here we present results for the Gaussian corrugation although some comments to the other type of disorder will be made. The surface roughness of the substrate is modeled by a Gaussian auto-correlation function:
where L x and L y are the roughness correlation lengths along the x and y-directions, respectively, and δh is the root mean square of the variation amplitude. We use in most of our calculations L x = L y = 40 nm. Typical roughness parameters for several common substrate materials are reported in Table II . As compared to the well studied case of graphene, we notice that the larger bending rigidity of MoS 2 causes smoother surface roughness and longer correlation lengths. Surface roughness modulates atomic positions and orbital directions, thus affecting the hopping parameters. The effect of lattice deformations due to corrugation are considered within our Slater-Koster tight-binding model. If we neglect the corrections to the on-site potentials due to lattice deformation, the effect of strain is thus considered by varying the interatomic bond lengths as a result of the applied strain. The modified hopping terms in the modulated lattice can be written, at the leading order, as β i,j;d−d = 5, for the X-X pp, for X-M pd, and for the M -M dd hybridizations, respectively. This approximation has been successfully applied to the study of TMDCs in the presence of non-uniform profiles of strain. 28, 40 Importantly, this set of parameters matches the direct-toindirect bandgap transition in MoS 2 under 2 − 3% of biaxial strain as obtained from ab-initio calculations.
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As explained in Sec. II A, we consider here an intrinsic SOC term in the whole Brillouin zone, including both metal d and chalcogen p orbitals. This term given by Eq. (3) includes all the spin contributions arising from the crystal potential. The spin-flip terms of the SOC, as discussed before, are negligible in the flat geometries. In the corrugated ribbon, the break of the mirror symmetry produces non-zero matrix elements between the even and odd blocks of the Hamiltonian and therefore spin-flip terms of theĤ SO become significative. In the rest of the paper we present the results for the spin transport properties of corrugated TMDC ribbons obtained by using the above numerical methods. 
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SiO2
Mica h-BN Al2O3 108-420 pm 77 pm 63 pm 140-390 pm
III. RESULTS AND DISCUSSION
In graphene, it is known that surface roughness mixes π with σ bonds, what enhances spin-orbit interaction.
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In the following we will show which is the effect of sample corrugations on the charge and spin transport properties of TMDCs. The band structure of a MoS 2 armchair nanoribbon is shown in Fig. 2(a) . In agreement with density functional theory (DFT) calculations, 25, 26 our tightbinding model for the ribbon with this termination shows a semiconducting behaviour, with the appearance of edge states inside the gap, that would be absent if periodic boundary conditions are considered. These edge-state subbands are marked in Fig. 2(a) . It is important to notice that the energy bands are spin degenerated and they are split away from the time reversal invariant Γ Fig. 2 (a) . Each panel represents the orbital weight of the corresponding band, where the labels refer to the d-character of Mo atom (d 3z 2 −r 2 , dxz, dyz, d x 2 −y 2 and dxy), and the p-character of the chalcogen atom S (px, py and pz). The color scale indicates the corresponding orbital contribution. SOC is not included in this figure. point of the Brillouin zone due to the effect of SOC.
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The orbital character of each band is shown in Fig. 3 . It is interesting to notice that, due to the band folding characteristic of a nanoribbon, the bands at the Γ point present an important contribution from d 3z 2 −r 2 , d x 2 −y 2 and d xy for both, valence and conduction states. The ensemble average of the total transmission probability for this system is calculated, by using Eq. (7), for several amplitudes of surface roughness with L x = L y = 40 nm, and the results are shown in Fig. 2(b) . In the absence of surface corrugation (δh = 0) the transmission at a given energy E is equal to the number of available subbands at that particular energy. For example, around E = 0 we observe that T E ≈ 4 for δh = 0 (blue line in Fig.  2(b) ), which corresponds to the contribution of the two pairs of subbands observed in Fig. 2(a) , which are doubly degenerated due to spin. Therefore we observe that the transmission probability for flat nanoribbons is almost unaffected by the spin-orbit interaction.
Realistic samples, however, present surface roughness that modulates the distance and overlap between atomic orbitals. This results in local variations of the hopping parameters and break the surface mirror symmetry. As a consequence, the total transmission decreases with the amplitude of the corrugations. This evolution is shown by the arrow in Fig. 2(b) , that shows how the average total transmission T E decreases with the corrugation amplitude δh.
In order to investigate the role of surface roughness on spin transport, the spin-resolved transmission have been calculated: T ↑↑ and T ↑↓ are shown in Fig. 2(c)-(d) as a function of δh for MoS 2 and WS 2 . It can be observed that T ↑↑ (panel (c)) and T ↑↓ (panel (d)) present opposite trend with the amplitude of surface corrugation δh. As expected the spin-conserved transmission T ↑↑ (like the the total transmission T E , panel (b)) decreases with δh. This behaviour is due to the enhancement of the spin-flip processes in Eq. (7) induced by the variation of the hoppings associated to the sample corrugation. In fact T ↑↓ , an indication of spin-flip rate, increases with δh, as shown in Fig. 2(d) . Both quantities, T ↑↑ and T ↑↓ , are larger for WS 2 (diamonds) than for MoS 2 (squares). In particular, T ↑↓ for WS 2 is approximately an order of magnitude larger than that of MoS 2 ( Fig. 2(d) ). This is expected since WS 2 has a larger intrinsic spin-orbit coupling than MoS 2 (see Table I ), which results in a stronger Rashba-like spin-orbit interaction induced by surface roughness, with the corresponding enhancement of spin-flip processes.
The inset of Fig. 2(d) clearly shows that T ↑↓ increases exponentially with roughness amplitude of up to four order of magnitude over a variation of δh from ∼ 10 −2 pm to ∼ 10 2 pm. Interestingly, our calculations also suggest that T ↑↓ reaches a maximum for a given value of δh, and then it starts to decrease. This threshold is about ≈ 75 pm for MoS 2 and ≈ 100 pm for WS 2 (see Fig.  2(d) ). As explained before two scattering mechanisms affect spin transport: surface corrugation and spin-orbit interaction, which is enhanced with surface roughness. It is also interesting to notice that the spin-flip scattering rate is similar for electron and hole sectors. Since we are dealing with ribbon geometry both, the edge states and the folding of the Brillouin zone, play an important role. In particular, it is very important to notice that the bands (Fig. 2a) are spin degenerate (for both, electron and hole sectors) for the armchair nanoribbons considered here. This is completely different to the case of bulk single layer or zigzag nanoribbons, 52 where spin-valley coupling is more robust for valence band states, since valence band edges at K and K' valleys correspond to opposite spin, and they are well separated in energy from the other subband (the separation is ∼150 meV for MoS 2 and ∼400 eV for WS 2 ). The armchair termination is a line of dimers with atoms of the two sublattices, therefore the edge states present valley mixing, as it happens in graphene armchair ribbons (see e.g. Refs. 51, 53, 54) . Furthermore, the orbital contribution for the low energy states of both, valence and conduction bands, are rather similar, as it can be seen in Fig. 3 . This is due to the band folding that happens for a finite ribbon, with the result that, at the Γ point of the ribbon BZ, there are contributions from 'bulk states' at Γ and K points. The consequence of this band reconstruction is that, due to the spin degeneracy of the bands and the similar orbital character for electron and hole sectors, the spin-flip scattering probability is of the same order in the two cases.
We have considered other kinds of corrugations like periodic sinusoidal rippling of the sample. We have observed that this kind of corrugation, which can be induced in the laboratory by using elastomeric substrates, 55 leads to qualitatively similar effects in the spin-flip transmission T ↑↓ (not shown here) but of much weaker magnitude as compared to random Gaussian modulation. We have also checked that bending of the ribbon leads to reduction of T ↑↓ as the curvature radius increases. For this case, the polarised transmission is also much smaller than the obtained with the Gaussian corrugation.
It is interesting to calculate the spin-flip relative transmission (SFRT) χ S = T ↑↓ /(T ↑↑ +T ↑↓ ), which is a measure of the efficiency of spin control. 56 As expected, the ensemble average of χ S as a function of energy (Fig. 4(a) ) increases with surface roughness amplitude. We next compare χ S for edge-and bulk-states, as indicated in Fig. 4(b) . The amplitude of the edge-state wave functions across the width of the armchair ribbon is originated mainly from d-orbitals of the metal (Mo or W) and it is localised at the border atoms, decreasing with the distance to the edge. Our results show that bulk-states are strongly affected by surface roughness, whereas edgestates are more robust against corrugations which results in a lower χ S . This is expected since the spatial localization of edge states protect them partially from surface corrugation effects. The results for transport from purely bulk states are shown in Appendix A, where we show simulations with periodic boundary conditions. At high energies and large δh, χ S reaches 0.5 that implies a complete loss of spin-information during transmission. This clearly suggest that substrates with rough surfaces, such as the most commonly used SiO 2 , are not appropriate for spintronic applications based on TMDC materials (see Table II ).
The spin-flip ratio (η) is another important figure of merit for spintronic devices, defined as
where G sc = G ↑↑ + G ↓↓ and G sf = G ↑↓ + G ↓↑ , are the spinconserving and spin-flip conductances respectively. 57 The conductance in the linear regime is given by
where G 0 = e 2 /h, f (E) is the Fermi-Dirac distribution and T σσ (E) is the transmission, Eq. (8) . The position of the Fermi level affects the conductance. The results of our calculations are plotted, as a function of roughness amplitudes δh, in Fig. 5 for f = 0.5 eV, coinciding with an edge state band, and for f = 1.2 eV, which crosses the bulk bands. The reduction of η with δh suggests again that the spin-flip rate is increased by the surface corrugation. Smaller η is observed for higher values of the Fermi energy. This is due to the smaller effect of corrugations on edge states and to the larger density of states at high energies, which cause more spin-flip processes. A similar effect has been observed in graphene.
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Finally in Fig. 6 we show the dependence of η with the channel length, for the the same values of the Fermi energy. We observe that the decay of η with the channel length is more pronounced for f = 1.2 eV (crossing bulk states) than for f = 0.5 eV (crossing edge states). This can be understood again from the fact that spin transport in the second case occurs mainly through the edges, for which we have seen that the effect of corrugations is small. However, when the Fermi level crosses the bulk states, strongly affected by corrugations, η decreases faster with the length of the channel.
IV. CONCLUSION
In summary, we have performed a systematic theoretical study on spin transport in MoS 2 and WS 2 armchair nanoribbons in the presence of surface roughness. In the perfectly flat ribbons, the spin-flip terms contribution are negligiblie. Nonetheless, when surface roughness is present, surface mirror symmetry or z-axis symmetry is broken generating an additional Rashba-like contribution to the spin-orbit coupling. The strength of this coupling is proportional to the atomic SOC and increases with the corrugation amplitude. Deformation of the sur- face by ripples, bending or corrugation, modulates the atomic positions thus changing the atomic interactions and orbital hybridisation. The results indicate that sample corrugations significantly enhance the spin-flip rate. For the same surface roughness, the spin-flip rate is larger in WS 2 than in MoS 2 due to the stronger intrinsic SOC of heavier W atoms. Our results indicate that the spin information can be completely suppressed in TMDCsbased channel with armchair termination supported on rough substrates, such as SiO 2 . Therefore, the use of flat substrates or the application of techniques to stretch the MoS 2 or WS 2 samples, avoiding undesirable corrugations, can improve the performance of TMDCs based spintronics devices. 
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Appendix A: Simulations with periodic boundary conditions
In order to identify the contribution to transport from purely bulk states, in this appendix we present results of calculations done with periodic boundary conditions. The results are shown in Fig. 7 . Here the amplitud of the corrugations (∼10 pm) is much smaller than the used for open boundary conditions (up to ∼ 250 pm). This is due to a technical difficulty to obtain the same corrugation in the two edges of the nanoribbon to be connected when periodic boundary conditions are considered. Even for such small corrugations, we observe that T E ↑↓ due to purely bulk states (there is no edge states present in this calculaton) increases in more than two order of magnitude from a flat nanoribbon to one with corrugations of ∼ 10 pm amplitude. 
